erebral edema that results in death or severe neurologic injury during diabetic ketoacidosis (DKA) is well recognized (1) (2) (3) (4) (5) . Typically, it may occur 4 -12 hrs after treatment is started (1, 3) . The risk factors for this complication include severe hypocapnia at presentation (3, 6) , raised serum urea (3) , or the administration of sodium bicarbonate (3) . Since many of these patients are intubated and have their breathing supported, the purpose of this critical care report is to consider the potential impact of physician-imposed changes in mechanical ventilation. Our hypothesis is that in hypocapnic-acidotic DKA patients, a sudden rise in PaCO 2 may result in cerebrospinal (CSF) acid-base disturbance and changes in cerebral blood flow (CBF), with potential detrimental clinical implications.
Index Case. A 12-yr-old girl presented to the emergency room with DKA after a 2-wk history of general malaise, weight loss, and polydipsia. She had respiratory rate 40 breaths/min, heart rate 120 beats/ min, and blood pressure 155/106 mm Hg. Neurologic examination was normal with a Glasgow Coma Scale score 15 of 15. Initial investigations were blood glucose 396 mg/dL (22 mmol/L), urea 12.1 mg/dL (4.4 mmol/L), sodium (Na ϩ ) 128 mmol/L, potassium 4.4 mmol/L, and hemoglobin 17 g/dL. The arterial blood gas (ABG) was pH (pH ART ) 6.9, PaCO 2 6 mm Hg (0.92 kPa), and bicarbonate ion concentration ([HCO 3 ] ART ) 1 mmol/L.
Her weight was estimated at 50 kg and the level of dehydration was Ն10%. One liter of 0.9% saline (20 mL/kg) was given over 20 mins, and subsequent rehydration was planned over 48 hrs. Peak blood glucose before insulin was 488 mg/dL (27 mmol/L) and insulin was started at 0.1 units/kg/hr. Four hours later the patient's blood pressure rose to 210/130 mm Hg in association with a decrease in heart rate from 75 to 65 beats/min. Her pupils were mid-size and reactive to light, her Glasgow Coma Scale score was 14, and she had normal tone, power, and reflexes. She received osmolar therapy with mannitol and was intubated, uneventfully, using thiopentone and atracurium. The ABG 15 mins later showed pH ART 6.79, PaCO 2 32.3 mm Hg (4.31 kPa), and [HCO 3 ] ART 4.8 mmol/L. The blood glucose was 340 mg/dL (18.9 mmol/L). A cranial computed tomography scan showed severe cerebral edema and cerebellar tonsillar herniation. Arrangements were made for transfer to an intensive care unit. However, by the time she was ready to be moved both pupils were fixed and dilated. Therefore, ventilation was increased to achieve PaCO 2 17.3 mm Hg (2.61 kPa), and with this maneuver her pupillary reaction was restored. Subsequently, end-tidal CO 2 monitoring was used to keep the level between 22 and 30 mm Hg (3 and 4 kPa). The patient died 2 days later after cardiac arrest.
In summary, this patient with DKA presented with severe hypocapnia and, over 4 hrs, had increasing PaCO 2 In metabolic acidosis, pH CSF is usually maintained close to normal, ‫23.7ف‬ (7). A similar defensive mechanism has been reported in DKA. Figure 1 shows ABG data in relation to calculated values of pH CSF (using the equations in Table 1 Figure 1B uses the same plot as Figure 1A but includes data from DKA patients who underwent simultaneous ABG and CBF measurements, reported by Kety et al. in 1948 (16) . Only three patients in this series had hyperemic CBF. These patients are signified as filled squares and had CBF values of 78, 80, and 101 mL/100 g/min. All three were unconscious and had PaCO 2 levels Ͻ23 (23, 24) . However, the main issue in DKA is, how sustainable is this compensation in breathing? Kussmaul (25) made a link between pattern of breathing and severity of outcome in DKA. Now we will further develop this argument.
One approach to assessing the metabolic significance of spontaneous hypocapnia is to consider its cost in energy. For example, if we assume, for simplicity, that we breathe in dry air and exhale it saturated with water vapor pressure at a partial pressure P EH2O , then there is heat lost associated with this evaporation. The proportion of the total metabolic rate (P tMR ) devoted to making good this heat loss is given by Equation 4 ( vidual (27, 28) . Figure 3 shows the relationship between pH, minute volume, and P tMR using equation 4 and data extracted from Kety and colleagues (15, 16 3 ] CSF is minimal, if at all, during the first 4 -9 hrs of insulin therapy (9, 11, 13) . These differences in rates of HCO 3 Ϫ repair may lead to an improvement in pH ART but deterioration in pH CSF in the first 5-7 hrs, particularly if sodium bicarbonate is given (13) . In those who are breathing unaided, the spontaneous and slow rise in PaCO 2 (2-3 mm Hg/hr) should reflect repair in [HCO 3 ] CSF (9, 11, 13) and the slow clearance of CSF ␤-hydroxybutyrate and acetoacetate via the blood-brain barrier (9, 11) ( Table 3 ). The iso-acidity lines in Figure 1A assume that the repair of HCO 3 is the same in blood and CSF. In fact, a differential rate of repair, with a slower rate for CSF, would mean that point 3 for the index case was, at best, closer to pH CSF 7.09. This hyperemia-inducing value may account for the continued encephalopathy leading to death in this case, despite "hypocapnia." Figure 4 shows [HCO 3 ] ART isomolar and estimated pH CSF iso-acidity plots of PaCO 2 and pH ART at presentation and during treatment for DKA. The graph has been generated using the formulas in Ta Fig. 4 .) Third are initial arterialized data from 12 patients recently reported by Glaser et al. (32) . In all three DKA series, patients defend pH CSF around 7.23. In regard to our previous discussion about pH CSF open circles) . B, estimated proportion of total metabolic rate devoted to making good heat lost through the respiratory tract (P tMR ) in diabetic ketoacidosis in relation to pH. Open circles are calculated values from Kety et al. data (16) ; shaded area with filled square and error bars, denoted N, is calculated from normal data (15) ; black circle, denoted 1, Index case, represents the presenting data from the index case (Fig. 1A) . were also able to study perfusionweighted magnetic resonance imaging during DKA treatment in 14 patients. At a time when pH CSF was 7.27 Ϯ 0.05 (estimated from the data in the article), the authors found "significantly shorter mean transit times and high peak tracer concentrations, possibly indicating increased cerebral blood flow." To identify the limits in PaCO 2 associated with particular pH CSF , there are two steps to follow in Figure 4 . First, identify the intersection between the subject's initial [HCO 3 ] ART isomolar line with the specific pH CSF iso-acidity line of interest; second, identify the vertical intersection between this point and the x-axis-this will give the limit in PaCO 2 or the maximum tolerated PaCO 2 . This estimate will hold for as long as [HCO 3 ] CSF remains at the presenting level, which could be a few hours. Given a presenting [HCO 3 ] ART of 6 mmol/L, the maximum PaCO 2 that can be tolerated is about 25 mm Hg: Otherwise, pH CSF would fall below 7.10. If presenting [HCO 3 ] ART is 10 mmol/L, the maximum PaCO 2 that can be tolerated to maintain pH CSF above 7.10 is 38 mm Hg; a value of 26 mm Hg would defend pH CSF around 7.23.
Glaser et al. (3) found that when cerebral edema occurs in DKA, it takes place a median of 7 hrs after the initiation of therapy. They also reported that severe hypocapnia at presentation, and treatment with sodium bicarbonate, are risk factors for its development. We have already discussed the significance of severe hypocapnia. Assal et al. (11) found that in adults with DKA, ‫3ف‬ mmol/kg of sodium bicarbonate given in the first 4 hrs of treatment almost doubled PaCO 2 (from 12 to 21 mm Hg, p Ͻ .001) and tripled [HCO 3 ] ART (from 5.6 to 16 mmol/L, p Ͻ .001). Hence, the hypothesis from Figure  4 is that, before repair of [HCO 3 ] CSF , sodium bicarbonate therapy would move an individual's pH and PaCO 2 to the right, giving pH CSF Ͻ7.10 with consequent effect on CBF. This risk may be limited to those with initial pH ART Ͻ7.00 (see y-axis level defining the intersection between pH CSF 7.10 and [HCO 3 ] ART 6 mmol/L).
Endotracheal Intubation and Mechanical Ventilation in DKA. Once a patient with DKA is intubated and mechanically ventilated, his or her intrinsic ability to match minute volume with acid-base state is removed. The CO 2 -ventilation response curve is shifted to the right (and the slope may also be decreased) by standard medication used for patient comfort (e.g., morphine and midazolam) (33, 34) . In addition, the added resistance of the endotracheal tube and ventilator circuit may increase the work of breathing. So, although mechanical ventilation is a life-saving procedure in patients who are exhausted or unable to maintain an airway, such spontaneously breathing, supported patients may fail to achieve the optimal (i.e., low) PaCO 2 Figure 4 the likely danger is in those with pH ART Ͻ7.10. If our argument and the hypothesis are correct, then these patients may warrant closer attention to the avoidance of normocapnia. These conclusions may appear to be the very opposite of published evidence, and so these data will be discussed more fully.
Marcin et al. (35) , in their retrospective study of 61 children with DKA and cerebral edema, identified "intubation with associated hyperventilation" with poorer neurologic outcome. These authors determined the degree of hyperventilation by the average PaCO 2 within the first 3 hrs after intubation. They looked at PaCO 2 as a categorical variable (ordinal groupings) for the Logit plot and found that the data were best split at 22 mm Hg. This value was used to distinguish a subgroup having "intubation with hyperventilation," that is, those intubated patients considered to be hyperventilated vs. those not. Twenty-eight patients were not intubated within 1 hr of diagnosis of cerebral edema; 33 (54%) were intubated and, of these, 17 met the criteria for hyperventilation. Eleven of the 17 patients categorized as "intubation with hyperventilation" had poor outcome compared with only three of 28 nonintubated patients. On multivariate analysis, the term PaCO 2 Ͻ22 mm Hg alone was not significant in regard to outcome, but the interaction between this term and intubation was significant. Since the authors do not have information about whether intubated patients were spontaneously breathing or were paralyzed, their conclusion was guarded (JP Marcin, personal communication). They wrote, "intubation with associated hyperventilation to PaCO 2 below 22 mm Hg is correlated with a poorer outcome, although the current data do not allow us to definitively discern whether this association is an effect of therapy or possibly a reflection of the underlying disease state."
These data are entirely consistent with the physiology we have reviewed. For example, a patient presenting with [HCO 3 ] ART 2 mmol/L will hyperventilate to maintain PaCO 2 between 7.5 and 10 mm Hg, thereby defending pH CSF between 7.18 and 7.27 (Fig. 4) . During treatment-over the next 4 hrs-the limit in PaCO 2 that can be tolerated while still defending pH CSF above 7.10 is 13.3 mm Hg. A PaCO 2 Ͼ13.3 mm Hg but Ͻ22 mm Hg will be consistent with Marcin et al. (35) and will be associated with cerebral edema. We suggest that the mechanism is cerebral hyperemia and associated vasogenic edema. The difference in our argument is that we believe the physiology indicates that hyperventilation with PaCO 2 Ͻ13.3 mm Hg is the preferred 
Concluding Remarks
The following key points are made in this review: In our index case, the PaCO 2 at the time of presentation was at the theoretical limits of endurance. It would thus not be surprising if our patient deteriorated as a result of decompensation.
Most recently, Carlotti et al. (36) suggested a different hypothesis for the evolution of cerebral edema in DKA; the importance of insulin therapy, changes in body water and electrolytes, and the Na ϩ -H ϩ exchanger. In the absence of simultaneous data on CSF and blood electrolytes, PCO 2 , glucose, and weak acids, we support the tenet of that report. Even though the PCO 2 -HCO 3 hypothesis is sufficient to explain detrimental cerebral states in DKA, the physiology is likely to be more complex. In fact, it is very difficult to separate all of these factors from those related to the PCO 2 -HCO 3 buffering system (37); our index case did receive 0.9% saline and insulin about 4 hrs before deterioration, similar to the timing that is debated by Carlotti and colleagues (36) . Two approaches could help unify these ideas in DKA-analyses using Stewart's strong ion theory (38, 39) , and lactate-corrected, albumin-corrected anion gap (37, 40) . Unfortunately, such theories are unlikely to be tested directly since researchers are unable to replicate the invasive studies reported between 1933 and 1986. However, noninvasive studies, with newer magnetic resonance imaging techniques for the assessment of cerebral perfusion, may help clarify the relationship between body water, CBF, and the PCO 2 -HCO 3 derangement in DKA.
Finally, the current review highlights a potential problem with "standard" mechanical ventilation in severe DKA. Revisiting the PCO 2 -HCO 3 hypothesis (13, 19) provides a physiology that is more readily consistent with recent epidemiologic data on cerebral edema in DKA (3, 35) -the association with greater hypocapnia and hyperventilation. The discussion about ventilation in DKA also addresses a gap in the consensus statement on treatment of cerebral edema in DKA (5) . In fact, we consider that the implication that "aggressive hyperventilation" should be avoided may be counter to the logic of adaptive physiology. Our recommendation in DKA is, where possible, to avoid endotracheal intubation and ventilation unless they are for exhaustion-it is better not to interfere with adaptive physiology. However, if intubation and ventilation are undertaken, consider a target level of PaCO 2 appropriate for estimated [HCO 3 ] CSF , and treat with great caution those presenting with pH ART Ͻ7.00.
